1. Mitochondria isolated from rat liver by centrifugation of the homogenate in buffered iso-osmotic sucrose at between 4000 and 8000g-min, 1 h after the administration in vivo of 30,ug of glucagon/100g body wt., retain Ca2+ for over 45min after its addition at 100nmol/mg of mitochondrial protein in the presence of 2mM-Pi. In similar experiments, but after the administration of saline (0.9 % NaCI) in place of glucagon, Ca2+ is retained for 6-8min. The ability of glucagon to enhance Ca2+ retention is completely prevented by co-administration of 4.2mg of puromycin/100g body wt. 2. The resting rate of respiration after Ca2+ accumulation by mitochondria from glucagon-treated rats remains low by contrast with that from saline-treated rats. Respiration in the latter mitochondria increased markedly after the Ca2+ accumulation, reflecting the uncoupling action of the ion. 3. Concomitant with the enhanced retention of Ca2+ and low rates of resting respiration by mitochondria from glucagon-treated rats was an increased ability to retain endogenous adenine nucleotides. 4. An investigation of properties of mitochondria known to influence Ca2+ transport revealed a significantly higher concentration of adenine nucleotides but not of Pi in those from glucagon-treated rats. The membrane potential remained unchanged, but the transmembrane pH gradient increased by approx. 10mV, indicating increased alkalinity of the matrix space. 5. Depletion of endogenous adenine nucleotides by Pi treatment in mitochondria from both glucagon-treated and salinetreated rats led to a marked diminution in ability to retain Ca2+. The activity of the adenine nucleotide translocase was unaffected by glucagon treatment of rats in vivo.
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6. Although the data are consistent with the argument that the Ca2+-translocation cycle in rat liver mitochondria is a target for glucagon action in vivo, they do not permit conclusions to be drawn about the molecular mechanisms involved in the glucagoninduced alteration to this cycle.
After observations made earlier in this century that certain hormones are capable, for example, of enhancing absorption of Ca2+ into tissues (see references in Kimberg & Goldstein, 1966) , hypotheses have been enunciated linking the action of these hormones with the intracellular redistribution of this ion. Particularly prominent among these views are those that have exploited the possible involvement of mitochondria in the hormone-induced redistribution of intracellular Ca2+ (see Kimberg & Goldstein, 1966; Rasmussen, 1966) ; these views have evolved from knowledge that mitochondria possess the ability to readily sequester and release Ca2+ (reviewed by Lehninger et al., 1967; Bygrave, 1978a) .
During the last decade, knowledge both of the mechanism of action of hormones (see Exton & Park, 1972) and of the mechanism of mitochondrial Ca2+ transport (see recent reviews by Baker, 1976; Carafoli & Crompton, 1976; Mela, 1977; Bygrave, , 1978a has greatly expanded, and this newly Vol. 176 acquired information recently has led in part to a revival of the idea that mitochondrial Ca2+ transport is a target for hormone action in vivo. It was thus shown that administration of insulin (Dorman et al., 1975) or of glucagon (Yamazaki, 1975; Hughes & Barritt, 1977) into rats induced an altered expression of Ca2+ transport in the mitochondria subsequently isolated from liver. Kimura & Rasmussen (1977) confirmed and extended some of the findings of Kimberg & Goldstein (1966 in that administration of dexamethasone into rats also altered the ability of mitochondria in vitro to transport Ca2+. These collective observations are especially significant in that, although the alterations to Ca2+ transport are induced in vivo, they are sufficiently stable as to be found in vitro. Thus the possibility is enhanced for detecting the molecular changes in isolated mitochondria that have resulted from the action of the hormone in vivo.
In examining the hormone specificity of the effects of insulin on mitochondrial Ca2+ transport made in this laboratory (Dorman et al., 1975) , Hughes & Barritt (1977 observed significant retention of Ca2+ by rat liver mitochondria after the administration in vivo of glucagon. Because the mechanisms of action of glucagon and insulin are closely interlocked (see Exton & Park, 1972) these findings raised the possibility that the previously observed effects (Dorman et al., 1975) were attributable, not to the direct action of insulin, but rather to that of glucagon, whose plasma concentration may have been perturbed as a result of the sudden increase in plasma insulin. The present paper describes experiments that attempt to further knowledge about the mechanism by which glucagon administration in vivo leads to an increased ability of liver mitochondria to retain high concentrations of Ca2+ for prolonged periods especially in the presence of Pi. Many of the observations made are indeed similar to those previously made with insulin-challenged rat liver (Dorman et al., 1975) .
Experimental Details of animals and injection procedures
Male Wistar albino rats (approx. 300g) were given free access to food, with a cycle of alternating periods of 12h each of light and dark. Rats were not starved before experiments. A stock solution of glucagon (1 mM) was prepared by dissolving the solid material in 1 mM-NaOH. Appropriate amounts of glucagon (30,ug/lOOg body wt.) were added to 0.9 % NaCl to make 1 ml of inoculum, and injected intraperitoneally. An identical solution, except for omission of glucagon, was injected into control rats. Since glucagon increases the concentration of blood glucose, success of the glucagon action was judged by measuring the concentration of blood glucose. For this, rats were anaesthetized with diethyl ether and blood samples were taken by using heart puncture after a period of 1 h exposure to glucagon. In the experiments reported below, blood glucose generally increased from about 4.8 to 6.8 mm after the administration of the hormone. After the blood sampling, rats were killed, the livers removed and hepatic mitochondria prepared. When used, puromycin (4.2mg/lOg body wt.) was injected at the same time as glucagon in 0.9% NaCl.
Isolation of mitochondria
The livers from rats, killed by cervical dislocation, were rapidly removed and placed in ice-cold isolation medium containing 250 mM-sucrose, 5 mM- (Jacobs et al., 1956 ). Corrections were made for non-biuret colour and turbidity by subsequent cyanide treatment (Szarkowska & Klingenberg, 1963) .
Measurement of Ca2+ transport
Ca2+ transport was measured by using techniques described by Reed & Bygrave (1974 . For studies on Ca2+ retention, the medium contained, in a final volume of2 ml: 230mM-sucrose, l0mM-KCl, 5 mM-Hepes, 5 mM-sodium succinate, 1 4uM-rotenone and 2mM-potassium phosphate. The final pH was 7.4 and the temperature 25°C. Mitochondria (2mg of protein) were added and the mixture was allowed to preincubate for 1 min. CaC12 (100pUM and containing 0.5,pCi of 45CaC12) was added rapidly to initiate the reaction. Transport of Ca2+ was terminated by transferring at appropriate times 100#1 of the incubation mixture into 1001 of the ice-cold quench medium (150mM-KCl, 0.5mM-EGTA, 2AM-Ruthenium Red) contained in Eppendorf centrifuge tubes. These were centrifuged to pellet the mitochondria and 100l1 of the supernatant was transferred to vials containing lOml of scintillation fluid (Dorman et al., 1975) . The 14C channel of a Packard Tri-Carb scintillation counter was used for counting the sample for radioactivity.
Protonmotive force
The protonmotive force (Ap) was determined by using the ion-distribution technique of Nicholls (1974) . The incubation medium contained 150mM-LiCl, 0.5mM-KCI, 3mM-Hepes (pH7.4 with Tris), 5mM-sodium succinate, 1OuM-86RbCl (0.12,uCi/ml), 50pM-['4C]methylamine (0.3pCi/ml), 50pM-sodium
[3H]acetate (1.2.uCi/ml), 1/pM-rotenone and 0.5, UM-1978 valinomycin. The scintillation fluid contained 6g of butyl-PBD [5-(4-biphenylyl)-2-(4-t-butylphenyl)-1-oxa-3,4-diazole]/litre in toluene/2-methoxyethanol (3:2, v/v) containing 10% Biosolv BBS-3 (Beckman Instruments, Fullerton, CA, U.S.A.). Radioactivity was counted by using the three channels of the Packard Tri-Carb scintillation counter. Corrections were made for cross-over and background. The three discriminator control settings were such that crossovers of 21 and 3.6% were allowed from the 32p channel into the 14C and 3H channels respectively, and 26.8% allowed from the 14C channel into the 3H channel. The components of Ap were calculated exactly as described by Nicholls (1974) . A limiting matrix volume of 0.4p1/mg of mitochondrial protein was used for the calculations, as assumed by Nicholls (1974) and Mitchell & Moyle (1969) .
Measurement of Ca2+-stimulated respiration
Ca2+-stimulated respiration was followed by using a Clark-type oxygen electrode and incubation conditions similar to those used for Ca2+-transport experiments. The temperature was 250C. Ca2+ was added at a concentration of 100nmol/mg of protein to the respiring mitochondria, and the ability of mitochondria to return to the resting state was observed after a 'calcium jump' (see .
Depletion ofadenine nucleotides from mitochondria
Adenine nucleotides were depleted from mitochondria by using the techniques of Weidemann et al. (1970) . Mitochondria at a concentration of approx. 25 mg/ml were incubated in a medium containing 50mM-phosphate buffer (pH7.4), 50mM-sucrose and 5mM-MgCI2 for 2.5min at 25°C. Depletion was terminated by centrifuging the incubation mixture for 5 min at 4500g. The mitochondrial pellet was washed once in an ice-cold solution containing 250mM-sucrose, 5mM-Hepes and 0.5mM-EGTA (pH7.4 with KOH) and then twice in the same medium, but lacking EGTA. The pellet eventually was resuspended in this medium and the mitochondrial protein content determined; this was approx. 80mg/ml.
Adenine nucleotide exchange
Adenine nucleotide translocation was measured by using the 'forward exchange' technique as described by Spencer & Bygrave (1972 & Bygrave, 1972) . Incubation conditions were similar to those used for Ca2+-transport experiments at 25°C. Adenine nucleotide release was initiated by adding CaCl2 and terminated by centrifuging 200#1 samples taken at the appropriate times (see Figure legend) . Samples of the supernatants were then transferred to scintillation fluid and counted for radioactivity.
Other methods Adenine nucleotides were determined enzymically in a neutral mitochondrial extract to which oligomycin (1 pg/mg of protein) was added. ATP was determined by the method of Lamprecht & Trautschold (1974) and ADP and AMP were determined by the method of Jaworek et al. (1974) . The phosphate content of the freshly isolated mitochondria was determined by the method of Baginski et al. (1967) and Dulley (1975) . The method for measurement of blood glucose was adapted from Washko & Rice (1961) .
Chemicals
Unless indicated otherwise, all chemicals were of analytical grade. All radiochemicals were from The Radiochemical Centre, Amersham, Bucks., U.K. Glucagon and puromycin dihydrochloride were from Sigma Chemical Company, St Louis, MO, U.S.A.
Reproducibility
Unless indicated otherwise, all experiments were usually carried out three times and sometimes more often.
Results
Ca2" retention in mitochondria isolatedfrom glucagontreated rats Recent work from this laboratory has provided evidence that Ruthenium Red-sensitive Ca2+ transport in rat liver mitochondria is enriched in mitochondria that sediment in buffered iso-osmotic sucrose at relatively low centrifugation forces . For this reason, all of the experiments reported in the present work were carried out with mitochondria that had been isolated in a manner that permitted enrichment of these relatively 'heavy' mitochondria (see the Experimental section).
Data in Fig. 1 show how the ability of rat liver mitochondria to retain Ca2+ changes after the administration of glucagon to rats. The data confirm the findings of Hughes & Barritt (1977 that glucagon administration, like insulin administration (Dorman et al., 1975) , induces mitochondria to retain Ca2+. Our data extend this information to show that the period of retention of Ca2+ can occur for up to at least 45min with the 'heavy' mitochondria after the accumulation within 10s of 90nmol of Ca2+/mg of protein in the presence of 2mM-Pi. With mitochondria isolated from liver homogenates at between approx. 20000 and 1000OOg-min, i.e. a commonly used mitochondrial preparation, similar Ca2+ concentrations were retained for only about 10-12min; for control mitochondria isolated in this way, Ca2+ was retained for only approx. 1 min (results not shown). These data thus confirm the observations of that mitochondria from rat liver display considerable heterogeneity in their ability to accumulate and retain Ca2 .
In the experiment shown in Fig. 1 , with the control preparation of mitochondria (i.e. that obtained after injection of 0.9 % NaCl alone) Ca2+ was accumulated within 10s but thereafter was released into the suspending medium, slowly during the initial 4min but most rapidly between 6 and 8 min. Co-injection of puromycin with the glucagon led to a similar pattern These data thus endorse the likelihood that some aspect of protein turnover is involved in the sequence of events that take place between administration of the hormone and its target of action on mitochondrial Ca2+ transport (see also Dorman et al., 1975) .
Stimulation by Ca2+ of succinate oxidation in mitochondria isolated from livers of glucagon-treated rats
The ability of Ca2+ to stimulate mitochondrial respiration is well documented Chance, 1965) . Data in Fig. 2 show that, (-) and presence (A) of puromycin (4.2mg/100g body wt.). After lh the mitochondria were isolated, and then their ability to retain accumulated Ca2l was compared with mitochondria from control animals, i.e. those which had been injected with 0.9°% NaCl only (o).
Ca2+ retention was measured as described in the Experimental section. The reaction medium contained, in a total volume of 2.Oml: 230mM-sucrose, lOmM-KCI, 5 mm-Hepes, 5mM-sodium succinate, 1978 immediately after the addition of Ca2+ to mitochondria from control rats, an immediate increase in respiration occurred, reflecting accumulation of the ion . This ceased after approx. 10s, when the rate of respiration returned to the original 'resting' rate. Soon afterwards, however, the rate of respiration increased to be near-maximal after about 3 min (curve C). By contrast, the resting rate of respiration after Ca2+ accumulation in mitochondria from glucagontreated rats remained low until anaerobiosis was attained approx. 10min later (curve A). The effects induced by glucagon again were abolished when puromycin was co-administered with the glucagon (curve B).
Knowing that a loss of accumulated Ca2+ (Fig. 1) and an increase in the resting rate of respiration (Fig. 2) reflect the uncoupling effect of Ca2+ Bygrave & Reed, 1970) , and that release of adenine nucleotides accompanies such action (Ernster, 1956; Out et al., 1971) we determined if adenine nucleotides were, by contrast, retained by mitochondria isolated from livers of rats treated with glucagon in vivo. Data in Fig. 3 show first that this indeed was so, and secondly that the effect of glucagon administration is prevented when puromycin is co-administered with the hormone.
Effect ofadenine nucleotide depletion on the ability of rat liver mitochondria to retain Ca2+
The potential involvement of adenine nucleotides in Ca2+ retention by mitochondria implied by the information gained above prompted a study of Ca2+ transport by mitochondria depleted of their adenine nucleotides. The method of Weidemann et al. (1970) , using the incubation of rat liver mitochondria with 50mm-P1 for a short interval (see the Experimental section), was applied to deplete mitochondria of their endogenous adenine nucleotides.
Data in Table 1 show the adenine nucleotide content of rat liver mitochondria obtained from control and glucagon-challenged rats as well as that Glucagon (30pug/lOOg body wt.) was injected 1 h before the isolation of liver mitochondria. Control animals were injected with an equal volume of 0.9% NaCI. A portion of mitochondria was used for depletion of adenine nucleotides and the total adenine nucleotides and P1 were determined as described in the Experimental section. The numbers of experiments from which the data are compiled are given in parentheses. The data are means±s.D. *P < 0.005, glucagon treated against control; **P < 0.005, mitochondria depleted of adenine nucleotides against those not depleted. ADP+ATP Mitochondria (pmol/g of protein) Control 10.38+2.34 (11) Control, but depleted of adenine nucleotides 6.04±1.38** (5) Glucagon-treated 17.30+ 2.63* (7) Glucagon-treated, but depleted of adenine 10.60+ 1.87** (5) Fig. 4 reflect the ability of mitochondria from livers of control and glucagon-treated rats, depleted of their endogenous adenine nucleotides, to retain accumulated Ca2+. In this experiment, which was one of several that gave similar results, liver mitochondria from control animals accumulated only 60nmol of Ca2+/mg of protein and began releasing this immediately. The small amount of Ca2+ accumulated by control mitochondria depleted of adenine nucleotides was released even more rapidly (Fig. 4) .
In contrast, liver mitochondria from rats treated with glucagon exhibited a high capacity for Ca2+ retention even after depletion of their endogenous adenine nucleotides (Fig. 4) . In the latter situation most of the Ca2+ was retained for up to 14min before being rapidly released within the next 2-4 min.
Measurement of the protonmotive force and acceptor control ratio and their relation to Ca2+ retention in liver mitochondria from control and glucagon-treated rats before and after depletion of endogenous adenine nucleotides Data in Table 2 amplify those in Table 1 The transmembrane pH gradient is little affected by adenine nucleotide depletion. Such depletion decreases slightly the value for the acceptor control ratio, which in turn is slightly greater in liver mitochondria from glucagon-treated animals. Table 2   Table 2 . Effect of adenine nucleotide depletion on Ca2+ retention and on the components of the protontmotive force in liver mitochondria from animals treated with glucagon Glucagon (30pg/lOOg body wt.) was injected into rats 1 h before isolation of the liver mitochondria. Depletion of adenine nucleotides and measurement of the components of the protonmotive force were determined as described in the Experimental section. The data are means ± S.D. Numbers in parentheses indicate the numbers ofexperiments on which the measurements were made. Acceptor control ratio is (rate of respiration in the presence of ADP)/(rate of respiration in the absence of ADP). *P<0.005, glucagon against control.
Mitochondria Control
Control, but depleted of adenine nucleotides Glucagon-treated Glucagon treated, but depleted of adenine nucleotides Membrane Transmembrane Protonmotive potential pH gradient force (mV) (mV) (mV) 152.05 ± 2.14 (4) 82.25 ± 3.50 (4) 234.22± 3.91 (4) 149.27 ± 3.17 (4) finally presents data, compiled from a number of experiments, about the average time of retention of Ca2+ by the mitochondria. It is clear that, despite the existence of a normal protonmotive force in the mitochondria from control rats depleted of adenine nucleotides, they have only minimal ability to retain accumulated Ca2+.
Adenine nucleotide translocation in mitochondriafrom glucagon-treated rats In the light of the above findings, it was pertinent to examine next aspects of adenine nucleotide translocation. Data in Table 3 show that, concomitant with the increase in total adenine nucleotides in mitochondria after glucagon treatment in vivo (see Table 1 ), the proportion of exchangeable adenine nucleotides remains at approx. 60%. However, the rate of adenine nucleotide translocation not very different between the two sets of mitochondria.
Ca2-retention in liver mitochondria isolated from control and glucagon-treated rats but preincubated with N-ethylmaleimide Bygrave etal. (1977) and have shown that liver mitochondria preincubated with N-ethylmaleimide quickly release Ca2+ soon after it has been accumulated. It was therefore decided to determine if glucagon treatment in vivo could prevent this N-ethylmaleimide-induced release of Ca2+.
Data in Fig. 5 show that the spontaneous efflux of Ca2+ occurred to equal extents in both mitochondria from control rats (cf. and in those from glucagon-treated rats.
Discussion
The experiments reported in this paper clearly establish that the intraperitoneal administration of The experimental conditions and procedure were identical with those described in Fig. 1 (1977, 1978) . However, in the present work, retention times always exceeded by severalfold those observed by these authors, a feature no doubt attributable to the recent finding in our laboratory that mitochondria isolated from liver at relatively low centrifugation forces are enriched in their ability to transport and retain Ca2+ . Because the glucagon-induced perturbation to mitochondrial Ca2+ cycling as seen here is qualitatively similar to that observed previously after insulin administration in vivo (Dorman et al., 1975) , the question arises as to which hormone is primarily responsible for the observed changes in Ca2+ retention. Although the experiments conducted in the present work were not aimed at providing direct answers to this specific question, the report of Hughes & Barritt (1978) suggests that glucagon action plays a prominent role. Particularly good evidence, for example, is provided by the fact that perfusion of rat liver with media containing glucagon, but not insulin, induces mitochondrial Ca2+ retention (Hughes & Barritt, 1978) . Consistent with this conclusion is the finding of Waltenbaugh & Friedmann (1978) that the perfusion of rat liver with glucagon, but not insulin, enhances the ability of the microsomal fraction to transport Ca2+; see also the report of Bygrave & Tranter (1978) .
Quite marked changes in a number of properties exhibited by rat liver mitochondria as measured in vitro now are known to occur in response to a challenge with glucagon in vivo. Systems in which the challenges have been examined include the increase in plasma glucagon by intravenous (e.g. Yamazaki, 1975) (Ernster, 1956; Carafoli et al., 1964; Meisner & Klingenberg, 1968; Leblanc et al., 1970; Out et at., 1971; Spencer & Bygrave, 1972; Chudapongse & Haugaard, 1973; Peng et al., 1974; Sul et al., 1976; Asimakis & Sordahl, 1977; Kimura & Rasmussen, 1977; Bygrave, 1978a) , it was of some interest to observe their increased concentrations in the mitochondria after glucagon administration. This increase in endogenous adenine nucleotides has been observed also by Siess et al. (1977) and by Bryla et al. (1977) , who studied the effect of glucagon on metabolite compartmentation in hepatocytes.
The observation that dexamethasone treatment of rats produced a loss in ability of mitochondria in vitro to retain Ca2+, while at the same time producing a large decrease in the endogenous ATP content, led Kimura & Rasmussen (1977) to consider the possibility of a direct link between the concentration of endogenous adenine nucleotides in mitochondria and their ability to retain Ca2+. At first sight, some of the present experiments would support this proposal.
Unfortunately, the argument breaks down when it is appreciated that adenine nucleotide-depleted liver mitochondria from glucagon-treated rats have the same ATP plus ADP content as liver mitochondria from control rats, yet a very much enhanced retention time for Ca2+ (Table 1 and Fig. 4) . Thus some factor other than adenine nucleotides themselves also must be involved.
The activity of the adenine nucleotide translocase, which catalyses a one-for-one exchange of exogenous with endogenous adenine nucleotides (Klingenberg, 1970) , was similar in mitochondria from glucagonchallenged and saline-challenged liver (Table 3) . Although not in the mainstream of the present discussion, it does raise the important question ofhow the endogenous adenine nucleotide content is increased by glucagon treatment. Clearly, entry of adenine nucleotides involving a pathway that is 1978 insensitive to atractyloside, as proposed for neonatal liver mitochondria (Nakazawa et al., 1973; Pollak, 1975; Pollak et al., 1978) , cannot be ruled out at this stage. Finally, and from the physiological viewpoint, it seems significant that glucagon administration in vivo leads not only to a stable perturbation of Ruthenium Red-sensitive Ca2+ transport in mitochondria, but also to one of Ruthenium Red-insensitive Ca2" transport (Bygrave & Tranter, 1978) , i.e. that carried out by vesicles derived from the endoplasmic reticulum (see also Waltenbaugh & Friedmann, 1978) .
It remains to be assessed how perturbations of this nature relate to the overall control by hormones of intracellular Ca2+ (Bygrave, 1978a,b) and thus of Ca2+-sensitive metabolic events. Interwoven into this is the question of whether a hormone-induced redistribution of cell Ca2+, as would be brought about by the dual action of these transport systems, is a primary phenomenon in the regulation of cell metabolism. In this regard it is worth recalling that the transient change to liver mitochondrial Ca2+ cycling (Bygrave, 1978a) , induced by glucagon as seen here, is similar in many respects to the permanent derangement of Ca2+ cycling seen in mitochondria from Ehrlich ascites-tumour cells (McIntyre & Bygrave, 1974; Bygrave, 1976) .
